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Abstract
We discuss possible experimental signatures related to the formation of do-
mains of disoriented chiral condensate (DCC) triggered by the axial anomaly
in relativistic heavy ion collisions. Our predictions make use of the feature of
the anomaly effect that is coherent over a large region of space, but opposite
in sign above and below the ion scattering plane. We predict an enhancement
of the fraction of neutral pions compared to all pions, which depends on the
angle of emission with respect to the scattering plane and is concentrated at
small transverse momentum and small rapidity in the center-of-mass frame.
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The experimental search for domains of disoriented chiral condensate (DCC) [1] in high-
energy heavy-ion collisions is under way. The rst results were negative [2,3], but this may
be due to a variety of experimental limitations, such as beam energy, pion momentum range,
and event selection. In two previous papers, we demonstrated that the axial anomaly may
enhance the formation of DCC domains in non-central nuclear collisions [4,5]. Here we
present a more detailed analysis of the characteristic features of DCC’s that are formed by
the anomaly mechanism.
The axial (Adler-Bell-Jackiw) anomaly generates an interaction
Lint = α
pifpi
~E · ~B φ0 , (1)
where φ0 denotes the neutral pion eld. We have argued [4] that this interaction acts as a
(classical) source term for the pi0 eld, which provides an almost instantaneous \kick" to the
pion eld in relativistic heavy ion collisions. Here we formulate the problem in a dierent
manner to clarify the physical picture of the phenomenon as well as to help understand
characteristic features of experimental predictions to be discussed later.
We model the strong interactions by the linear sigma model. To lowest order in perturba-
tion theory in both the electromagnetic and sigma model couplings (in the broken symmetry
phase) the anomalous interaction describes the virtual Primako eect: two virtual photons
from the Coulomb elds of the two nuclei fuse into a neutral pion. Higher orders of the
sigma model coupling describe the hadronic nal-state interactions between this pi0 and the
many hadrons created by the nuclear collision. This is schematically represented in Fig. 1
showing one photon from each nucleus fuse into an excitation with the quantum numbers of
the neutral pion, which interacts with the nal-state hadrons and eventually is emitted as a
pi0.
When the chiral symmetry is spontaneously broken, the nal-state interaction is eec-
tively weak at small pion momenta, as we argued previously [5]. In brief, the argument was
that the roll-down from the top of the Mexican-hat potential of the σ-pi eld is fast and ends
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on a time scale of 1/mσ.
1 Thereafter, the system can be described by a nonlinear sigma
model for time scales that are relevant for the DCC dynamics, and pions interact weakly at
small momenta because they are the Nambu-Goldstone bosons.
On the other hand, we have to sum over the multiple virtual Primako processes because
Zα is not small compared to unity. The amplitudes for n-fold pi0 emission due to exchange of
2n photons exponentiate under the approximation of ignoring the sigma model interactions,
as in the case of coherent emission from an external source. We note that maintaining
coherence is quite essential to our subsequent discussions. We expect that this picture can
be derived from a quantum version of the classical treatment of the anomaly \kick" where
we assume full coherence over the nuclear volume.
The short duration of the anomalous interaction, of the order of collision time, also leaves
potential room for the question whether the use of the eective pion eld in (1) is justied,
or whether the direct coupling of the electromagnetic eld to the quark degrees of freedom
must be considered. We recall that the anomaly term (1) precisely describes the low-energy
limit of the interaction between on-shell photons and the quarks in the neutral pseudoscalar
channel. The short time scale of the anomalous interaction is eectively taken into account
by using an uniformly \kicked" initial eld conguration in our previous treatment in refs.
[4,5].
For far o-shell photons, the coupling is suppressed by a form factor [6], but this eect is
small here, because the coherent nuclear electromagnetic eld corresponds to nearly on-shell
virtual photons. Also, if we consider only the eect of the anomalous interaction on pion
eld modes with momenta below the chiral symmetry breaking scale ch ≈ 1 GeV, the use
of the eective interaction (1) should be justied.
Finally, we need to comment on the issue of the temperature dependence of the anomalous
electromagnetic interaction of the neutral pion [7]. Strictly speaking, the anomaly provides
1In the actual simulation, this time scale is larger, i.e., ∼ 1 – 2 fm.
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a temperature-independent source term for the dynamics of the axial current jµ5 . As the
temperature approaches the critical temperature Tc for chiral symmetry breaking from below,
the axial current is less and less dominated by single-pion excitations. Accordingly, the pion
coupling to two photons decreases and vanishes at Tc [7]. In principle, the treatment of the
anomaly term should be based on the full dynamics of the axial current, rather than the
pion eld alone. However, since we are interested in the eects of the interaction at very
early times (the \anomaly kick" occurs before thermalization) and at late times (after the
assumed rapid quench to conditions below the QCD critical temperature), where the axial
current is again dominated by the dynamics of the pion eld, the treatment in terms of the
low-energy eective interaction (1) appears to be a plausible rst approximation.
We now turn to our original question of the possible characteristic signatures of the
DCC formation triggered by the anomaly eect.2 In this paper we focus on the correlation
between the ion scattering plane and the pi0/pi ratio, and on the dependence of the pion
charge ratio on the atomic number Z of nucleus.
We showed in a previous publication [5] that the chiral anomaly, in the quench scenario,
causes a coherent excitation of the axial current which survives for long time in the presence
of random (\thermal") fluctuations of the pion eld. We found that the coherent excitation
results in an enhancement of neutral pion production at low momenta (see Fig. 20 of ref. [5]),
and we noted that the enhancement was not isotropic with respect to the scattering plane.
If observed experimentally, the correlation of the pi0/pi ratio with the scattering plane would
provide, both, a powerful tool to search for coherent pion emission and a conrmation of
the role of the anomaly eect in DCC formation. In the following, we present more detailed
results for this eect.
Due to the linear dependence of the electromagnetic invariant ~E · ~B on the impact pa-
2Although ~E · ~B is odd under P and CP , there exist no P - and CP -odd observables here, such
as the ones discussed in [8], because the anomaly term itself respects those symmetries.
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rameter, the chiral anomaly generates a \kick" on the collective pion eld only in collisions
with a nonzero impact parameter. In these non-central collisions one can use collective flow
patterns of the produced hadrons to dene a collision plane on an event-by-event basis. We
choose it to lie in the x-z plane, taking the z-direction along the beam axis, so that the
y-axis is normal to the collision plane. Because ~E · ~B is an odd function of y, the anomaly
term has a characteristic dependence on the momentum component normal to the collision
plane, ky, rather than on the parallel components.
Therefore, one would expect that the coherent pion eld excitation due to the anomaly
kick would result in the preferential emission of pions with values of ky that are small
(reflecting the spatial coherence of the source) but nonzero. In fact, there should be no
eect of the kick at all to pions with ky = 0, since
∫1
−1 dy ~E·~B = 0 for a xed x and z. Notice
that this argument is valid also in the multiple emission case because of the coherence.
Following the procedure outlined in Section IV. E of ref. [5], we have evaluated the pi0/pi
ratio as a function of the azimuthal angle φ around the beam axis. The direction φ = 0
coincides with our choice of the x-axis. According to the argument presented above, we
expect an increase in the pi0/pi ratio for emission near the angles φ = 90 and φ = 270.
In order to test this hypothesis, we have generated 1000 events following the procedure
described in ref. [5]. The anomaly kick parameter an dened in ref. [5] has been taken to
be 0.1. The size of the anomaly kick expected in Au + Au collisions at
√
s = 200 GeV/A
at the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory is of this
order. We did calculations both for an innitely extended system with R0 = ∞ and for a
nite system with R0 = 5 fm in the transverse direction, where R0 is dened in eq. (22)
of ref. [5] and represents the transverse extension of the system. The other parameters are
the same as those used in ref. [5]. Our results are shown in Figs. 2 and 3, presenting the
dependence of the ratio npi0/npi of low momentum pions (|~k| < 250 MeV) as a function of
the azimuthal angle φ. The three dierent curves represent the results at dierent times:
τ = 1 fm (initial time, solid line), τ = 6 fm (dashed line), and τ = 11 fm (dash-dotted line).
The angular distributions clearly show the expected behavior. As described in our earlier
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work, the pi0/pi ratio is overall enhanced for the low momentum pions (see Fig. 20 of ref.
[5]), but the enhancement exhibits strong peaks near φ = 90 and φ = 270, i.e. for emission
normal to the scattering plane. The directional peak structure somewhat diminishes with
time, but clearly survives until the nal moments in our calculations. The magnitude of the
eect and the width of the peaks depend on the size of the region aected by the coherent
excitation, indicating that the spatially coherent source term provided by the axial anomaly
is an essential ingredient of the eect.
The predicted azimuthal anisotropy of the pi0/pi ratio provides a clear, and most likely
unique, signature of DCC domain formation triggered by the chiral anomaly. Its detection
relies on the ability to determine the orientation of the collision plane by means of collective
flow patterns in the distribution of emitted particles. At high energies, the flow in the central
rapidity region exhibits an elliptical (or quadruple) distribution in the azimuthal angle φ
[9,10]. This eect has been observed in Pb+Pb collisions at the CERN-SPS [11] and has
recently also been conrmed for Au+Au collisions at RHIC [12]. Both elliptical flow and the
anomaly eect are characteristic for collisions with a nonzero impact parameter and absent
in central collisions.
Another characteristic signature for anomaly induced DCC formation would be the strong
Z-dependence of the low-ky enhancement, which should serve as a conrmation of the elec-
tromagnetic nature of the anomaly eect.
To reveal the Z-dependence of the anomaly eect, we run the same simulation with R = 5
fm for three dierent values of Z, expressed as three dierent values of the kick amplitude
an. The results are shown in Fig. 4, presenting the dependence of the ratio R ≡ npi0/npi of
low momentum pions (|~k| < 250 MeV) as a function of the azimuthal angle φ. τ is xed
at 11 fm. The three dierent curves of R represent the results at dierent an: an = 0.05
(dashed line), an = 0.1 (default value, solid line), and an = 0.2 (dash-dotted line).
If we t the peak value of R by using the function c + b(an)
α we obtain α ' 1.8. Since
an scales as Z
2, our simulation indicates that the Z-dependence of the anomaly eect is
roughly consistent with Z4 dependence, suggesting the dominance of the single Primako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eect.
Assuming that the DCC formation is to be seen, it is interesting to investigate the
problem of Z-dependence of the anomaly eect in heavy ion collision experiments. However,
one must pay attention to the following. Experimentalists attempting to measure the Z-
dependence will need to repeat the experiments with dierent nuclei as projectile and target.
In doing so, they will vary not only the atomic numbers but also various other experimental
parameters; the nuclear radii, the impact parameters at which the DCC formation is most
copious, the initial energy densities of the hot debris which then undergoes a nonequilibrium
phase transition, etc. These factors should be taken into account in interpretations of the
experimental data when they become available.
In conclusion, model simulations in the framework of the linear sigma model show that
the pi0/pi ratio shows an enhancement for pions emitted perpendicular to the scattering
plane when the formation of DCC domains is aided by the chiral anomaly. The eect is
predicted to be most pronounced at low, but non-vanishing transverse pion momenta and
at intermediate heavy ion impact parameters, and for collisions of heavy nuclei.
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FIG. 1. Schematic diagram depicting the coherent production of a neutral pion by two virtual
photons in a nuclear collision, followed by final-state interactions with other pions. Both the
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FIG. 2. Azimuthal angle φ-dependence of the ratio npi0/npi for R0 = ∞ at three different times.
Solid line: τ = 1 fm; dashed line: τ = 6 fm; dash-dotted line: τ = 11 fm. The two maxima lie in
the direction normal to the scattering plane and are an expression of the spatial variation of the
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FIG. 3. Azimuthal angle φ-dependence of the ratio npi0/npi for R0 = 5 fm at three different
times. Solid line: τ = 1 fm; dashed line: τ = 6 fm; dash-dotted line: τ = 11 fm. The two maxima
lie in the direction normal to the scattering plane and are an expression of the spatial variation of
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FIG. 4. Dependence of the pi0/pi enhancement on the magnitude an of the anomaly kick. τ is
fixed at 11 fm. Dashed line: an = 0.05; solid line: an = 0.1; dash-dotted line: an = 0.2
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